ABSTRACT
During their intrathymic T cell differentiation in birds and mammals, thymocyte progenitors undergo a complex series of developmental events that can be monitored by the sequential gene rearrangement and acquisition of cell surface differentiation markers (1, 2) . The genes that encode the variable regions of the T cell receptor (TCR)-␣, -␤, -␥, and -␦ chains are assembled through recombination of the variable (V), diversity (D), and joining (J) gene segments (3) . V(D)J recombination is initiated by the recognition of recombination signal sequences (RSS) that immediately flank the coding segments and consist of conserved heptamer and nonamer sequences separated by a nonconserved spacer of 12 or 22͞23 bp (4, 5) . The lymphocyte-specific recombinase-activating gene products, RAG-1 and RAG-2, work together to recognize the RSS and introduce site-specific cleavages at the signal-coding borders of a given pair of coding segments (6, 7) . The cleavage occurs on both strands of DNA, generating two types of ends: blunt signal ends and covalently sealed coding ends. The ubiquitously expressed DNA repair machinery of the cell is then recruited to complete the reaction (8) (9) (10) . The joining of coding ends often is accompanied by nucleotide addition or trimming, leading to imprecise coding joints and further TCR diversity (3, 11) . The joining of the two RSS ends is precise and results in the formation of a circular episome (5, 12) . The excised DNA circles derived by TCR rearrangement initially were thought to be degraded rapidly in the cells in which they are generated, and their detection in T cells therefore was considered an indication of in situ TCR gene rearrangement (13) . A more recent analysis of the rearrangement status of the TCR-␣͞␦ locus, which indicated the presence of excised chromosomal DNA in murine thymocytes and mature T cells, suggested that TCR DNA deletion circles could be relatively stable (14) .
Evidence favoring the idea that T cells can be generated in extrathymic sites has been obtained in mice (15) (16) (17) and humans (18, 19) , whereas the thymus appears to be the sole source of T cells in birds (20) (21) (22) (23) . In the chicken, we observed an enrichment of the TCR deletion circles in recent T cell emigrants marked by their transient expression of the chT1 thymocyte antigen (23) . The levels of chT1 ϩ T cells in the periphery declined in parallel with age-related thymic involution, and these cells disappeared completely after early thymectomy. The numbers of chT1 ϩ T cells in the circulation were found to correlate directly with the functional thymic mass. The chT1 antigen thus provides a convenient marker for recent thymic emigrants in birds.
Because a cell surface marker for recent thymic emigrants in mammals has not been identified, the present experiments exploited the chicken model system to determine whether or not the TCR deletion circles themselves could constitute a reliable marker of newly formed T cells. In these studies we employed a quantitative PCR-based assay to identify and calibrate the TCR rearrangement deletion circles in peripheral T cells. Thymectomy resulted in a steady decline in the DNA deletion circles over the succeeding weeks. The results of this analysis indicate that the entry of newly formed T cells into the T cell pool can be monitored by measuring the deletion circle levels in peripheral T cell samples.
MATERIALS AND METHODS
Animals and Cell Lines. SC strain chicken eggs (Hyline International, Dallas City, IA) were incubated at 41°C in a humidified incubator with intermittent rotation. Hatched chicks were maintained in our vivarium under conventional conditions. The UG-9 ␣␤ T cell line (L. Schierman, University of Georgia), the P5 ␥␦ T cell line (W. McCormack, University of Florida), and the BM2 macrophage cell line (R. Dietert, Cornell University) were maintained in a humidified atmosphere at 41°C and 7% CO 2 in RPMI 1640 medium adding 10% fetal calf serum͞1 mM glutamine͞100 units penicillin͞ 100 g streptomycin per ml.
Thymectomy. Surgical thymectomy or sham thymectomy was performed on 1-and 4-week-old chickens anesthetized by i.m. or i.v. injection of Nembutal Sodium Solution (Abbott). The thymic lobes were removed through a dorsal incision in the neck as described previously (24) .
Cell Isolation and Cell Sorting. Peripheral blood leukocytes were isolated by low-speed centrifugation (60 ϫ g, 20 min) of heparinized blood samples. Single-cell suspensions were prepared by passage of thymus and spleen cells through fine-mesh screen followed by centrifugation over a Ficoll͞Hypaque density gradient (25) . Intestinal epithelial lymphocytes were derived from small intestine segments by incubation in 0.1 mM EDTA͞0.1 mM DTT with constant stirring at 37°C for 30 min, followed by passage of the cells through a glass-wool column and density gradient centrifugation. ␥␦ and V␤1
ϩ ␣␤ T cells were purified by fluorescence-activated cell sorting (FACStar; Becton Dickinson) after staining splenocytes with phycoerythrin-conjugated TCR1 mAb (anti-␥␦TCR) and fluorescein isothiocyanate-conjugated TCR2 mAb (anti-V␤1TCR) (Southern Biotechnology Associates). Purity of the sorted cells in each experiment was Ͼ98%.
RNA Isolation and cDNA Synthesis. Total RNA was isolated from various tissues or cells by using the TRI-reagent according to the method provided by the supplier (Molecular Research Center, Cincinnati). The DNase-treated RNA samples were subjected to first-strand cDNA synthesis using oligo(dT) (15) primer and avian myeloblastosis virus reverse transcriptase (GIBCO͞BRL).
Genomic DNA Preparation. The DNA preparation method (22) involved washing the cells in lysis buffer (10 mM Tris, pH 7.4͞10 mM NaCl͞5 mM MgCl 2 ), lysis with 0.5% Nonidet P-40, pelleting of the nuclei by centrifugation at 250 ϫ g, and treatment with 250 g͞ml proteinase K at 50°C for 3-4 hr. DNA was precipitated in 2.5 M ammonium acetate and an equal volume of isopropanol. After centrifugation, the pellet was washed twice with 70% of ethanol and resuspended in water.
PCR and Southern Blot Analysis. PCR conditions to amplify RAG and actin transcripts included 3-min incubation at 94°C followed by 35 reaction cycles (1 min at 94°C, 1 min at 56°C, 45 sec at 72°C) and a final 7-min extension at 72°C. Amplification of the deletion circles was performed under the same conditions except that the annealing temperature was 65°C. PCR products separated on 1% agarose gels were denatured, neutralized, and transferred onto nitrocellulose membranes (Biotechnology Systems, Boston). The membranes were hybridized overnight with [␥-32 P]ATP-labeled internal probes at 42°C and washed with 3ϫ SSC at 62°C for 30-40 min and exposed to x-ray film. The PCR primers and hybridization probes are listed in Table 1 .
Construction of Competitor for Quantitative PCR. Sense and antisense oligonucleotides corresponding to the relevant primer sequences for the V␥1-J␥1, V␤1-D␤1 rearrangement deletion circles (Table 1) Competitive PCR. Lymphocyte DNA samples were digested with BamHI and EcoRI (neither enzyme cuts the fragments to be amplified), and the competitor was linearized with KpnI. DNA from 10 4 cells was coamplified with various copy numbers of the competitor (range of 10-10 4 copies), using primers (3Ј primers were biotinylated) specific for V␥1-J␥1 or V␤1-D␤ deletion circles. The PCR conditions were as described above.
ELISA. The PCR products were quantified by ELISA as described (26) . In brief, the PCR products were diluted 1:30 in PBS͞Tween solution and added to four separate avidin-coated microtiter wells, with 30 l added per well. The plates were incubated at 42°C for 1-3 hr. The DNA bound to the wells was denatured with denaturing solution (50 mM NaOH͞2 mM EDTA). Two of the wells were hybridized with digoxigeninlabeled detection oligonucleotides specific for deletion circles, and the other two were hybridized with digoxigenin-labeled detection oligonucleotides specific for the stuffer. Alkaline phosphatase-conjugated antidigoxigenin Fab fragment Ab (1:5,000 dilution in 1% PBS͞BSA) then was added and incubated at 37°C for 1-2 hr. After the antibody reaction, -nitrophenyl phosphate solution (1 mg͞ml in diethanolamine buffer) was added. The plates then were incubated at 37°C, and the OD 405 determined at various time points. Between each step, the plates were washed two to four times with PBS͞Tween solution. 
RESULTS

Detection of TCR V(D)J Rearrangement Deletion Circles in the Peripheral Lymphoid Tissues.
The genes encoding the chicken ␣␤ and ␥␦ TCR and their mode of diversification resemble their mammalian counterparts, although the chicken TCR gene loci are relatively simple (27) . The chicken TCR-␥ locus includes three V␥ subfamilies, three J␥ segments, and a single C␥ segment (28) , and the TCR-␤ locus includes only two V␤ subfamilies, one D␤, four J␤, and one C␤ segment (29, 30) . In this experiment we surveyed central and peripheral lymphoid tissues for the deletion circles resulting from TCRV␥1, V␥2, V␥3 rearrangements to J␥1 and from V␤1 recombination with D␤. For this analysis, specific PCR primers were used to identify the V␥1-J␥1, V␥2-J␥1, V␥3-J␥1, and V␤1-D␤ deletion circles (Table 1 and Fig. 1) . All of the different types of V(D)J deletion circles were found in the blood, spleen, and intestine as well as in the thymus, whereas they could not be detected in red blood cells or in ␣␤ and ␥␦ T cell lines (Fig. 2) .
Analysis of TCR Deletion Circles in Peripheral T Cells from Thymectomized Animals. The above findings and the enrichment of TCR deletion circles observed in recent thymic emigrants (23) suggested that excision circles generated in the thymus are relatively stable and can be retained by thymusderived T cells in the periphery. Because V(D)J recombination deletion circles lack replication origins (14) , those retained in mature T cells should be depleted with time through cell division, cell death, and, possibly, by intracellular degradation, unless they were renewed subsequently by reactivation of the recombinase-mediated V(D)J rearrangement process. In an initial experiment designed to assess the fate of TCR V(D)J deletion circles, we analyzed the T cells in the different lymphoid compartments of thymectomized chickens. When (26) , which contained a ''stuffer'' (230-bp nontranscribed murine genomic DNA fragment), was used for cloning. Sense and antisense oligonucleotide corresponding to the sequence of 5Ј and 3Ј primers for V␤1-D␤1 and V␥1-J␥1 deletion circles were synthesized, annealed, and cloned into the 5Ј and 3Ј ends of the stuffer, respectively.
FIG. 2. Analysis of the tissue distribution of the deletion circles
created by TCR V(D)J rearrangement. Lymphocytes were isolated from thymus, spleen, peripheral blood lymphocyte (PBL), and intestinal epithelial lymphocyte (IEL) compartments of a 4-week-old chicken and examined for extrachromosomal deletion circles by the PCR strategy illustrated in Fig. 1 . PCR products separated in 1% agarose gels and transferred onto nitrocellulose membranes were hybridized with specific 32 P-labeled internal oligonucleotide probes (Table 1) before membrane exposure to x-ray films for 12 hr. 4-week-old chickens were thymectomized and examined 10 weeks later, the V␥1-J␥1, V␥1-J␥3, and V␤1-D␤ deletion circles in circulating, splenic, and intestinal T cells were greatly reduced (Fig. 3) . Employment of this semiquantitative assay for evaluation of the deletion circles in the peripheral lymphoid compartments at various intervals after thymectomy indicated their progressive loss over time (data not shown).
To determine more precisely the half-life of the DNA deletion circles in peripheral T cells, a quantitative PCR assay (see Materials and Methods and Fig. 1B ) was used to estimate the numbers of V␥1-J␥1 and V␤1-D␤ deletion circles in TCR-␥␦ ϩ and the TCRV␤1 ϩ T cells as a function of time after thymectomy. The chicks in this experiment were thymectomized at 1 week of age, and their splenic ␥␦ and V␤1 ϩ ␣␤ cells were purified by fluorescence-activated cell sorting at serial time intervals after thymectomy. When DNA samples from the TCR-␥␦ ϩ and TCRV␤1 ϩ cells were analyzed by competitive PCR, the number of V␥1-J␥1 deletion circles before thymectomy was found to be Ϸ220͞10 4 ␥␦ T cells, whereas the number of V␤1-D␤1 deletion circles was Ϸ2,800͞10
V␤1
ϩ ␣␤ T cells. By 2 weeks after thymectomy, the numbers of V␥1-J␥1 and V␤1-D␤1 deletion circles had decreased by Ϸ50% (Fig. 4) . The mean level of V␤1-D␤1 deletion circles at 11 weeks postthymectomy was 7.3% of the prethymectomy level, and the level of V␥1-J␥1 deletion circles was 12.5% of the initial value.
Analysis of RAG-1 And RAG-2 Gene Transcripts in Peripheral Lymphoid Tissues. The residual DNA deletion circles found in T cells in the circulation and other peripheral lymphoid compartments 11 weeks after thymectomy (Figs. 3  and 4) could reflect the retention of excision circles in a subpopulation of nondividing, long-lived T cells (31, 32) . Alternatively, this finding could be explained by the occurrence of TCR rearrangements outside the thymus. To evaluate the possibility that TCR deletion circles might be generated by V(D)J recombination occurring in peripheral lymphoid tissues, we used a reverse transcriptase-PCR assay to search for recombinase gene expression in the different lymphoid compartments. Although RAG-1 and RAG-2 transcripts were detected easily in the thymus, these could not be identified in the peripheral lymphoid tissues of normal (Fig. 5) or thymectomized animals (not shown). The sensitivity of this assay was evaluated by adding variable numbers of CD4 ϩ CD8 ϩ thymocytes to a fixed number of RAG-negative macrophages and using the reverse transcriptase-PCR to identify RAG-1 and RAG-2 transcripts in the mixture. In this experiment the RAG transcripts could be detected in as few as 10 thymocytes among 10 6 RAG-negative macrophages. Finally, we sought RAG transcripts in 10 6 cells from the intestinal epithelial lymphocyte compartment, because this may represent an extrathymic site for T cell generation in mice (15) (16) (17) . No RAG transcripts were detected in the intestinal epithelial lymphocyte sample, thereby further mitigating against the possibility of T cell generation in peripheral lymphoid tissues of the chicken.
DISCUSSION
TCR V(D)J gene recombination in lymphoid precursors is essential for their differentiation to become T cells (2, 33, 34) . During the V(D)J gene rearrangement process that occurs in the thymus, the intervening DNA between the two coding segments in the same transcriptional orientation is deleted from the chromosome and ligation of the recombination signal sequences leads to the formation of DNA circles (5, 12) . Although it had been presumed that the DNA excision circles would be found only in T lineage cells that recently have undergone V(D)J recombination, the present findings indicate (Table 1) were separated in 1% agarose gels, transferred onto nitrocellulose membranes, and hybridized with 32 P-labeled internal oligonucleotides. Genomic DNA was used as a positive PCR control. Membranes being examined for control actin products were exposed to x-ray films for 12 hr, whereas a 24-hr exposure time was used for the evaluation of RAG-1 and RAG-2 expression.
the presence of V␥-J␥ and V␤-D␤ deletion circles not only in the thymus but in thymus-derived T cells in all of the peripheral lymphoid compartments as well. After surgical removal of the thymus, however, we observed a progressive decline in the levels of V(D)J deletion circles in all of the peripheral lymphoid compartments. These findings thus indicate that the TCR deletion circles carried by T cell emigrants from the thymus into the peripheral T cell pool are relatively stable.
To determine the ultimate fate of the deletion circles in thymus-derived T cells more precisely, we determined their copy numbers in peripheral T cells as a function of time after thymectomy. The numbers of V␥1-J␥1 deletion circles in ␥␦ T cells and V␤1-D␤ deletion circles in V␤1 ϩ ␣␤ T cells steadily declined after thymectomy with a half-life of approximately 2 weeks. By 11 weeks postthymectomy, the levels of residual deletion circles were Ϸ10% of their prethymectomy levels. Although the high mortality rate of thymectomized animals prevented longer follow-up, the absence of any detectable recombinase gene expression in the peripheral lymphoid tissues suggests that the residual TCR excision circles represented the products of intrathymic V(D)J recombination events. Cell death and dilution of the deletion circles by T cell proliferation could account for the diminishing levels in the peripheral lymphocyte pool of the thymectomized birds. In this regard, murine ␣␤ T cells have an estimated life span of approximately 8 weeks (31) and ␥␦ T cells have an average life span of around 4 weeks (32). Furthermore, an enhanced expansion rate has been observed for the ␣␤ T cells in athymic mice (35) .
Our estimate of Ϸ2,800 V␤1-D␤ deletion circles in 10 4 splenic V␤1 ϩ T cell suggests that, depending on whether one or both alleles undergo V␤-D␤ rearrangement, 14-28% of the V␤1 ϩ cells contain one or two V␤1 deletion circles. Approximately 220 V␥1-J␥1 deletion circles were found in 10 4 ␥␦ T cells from the spleen. This somewhat lower estimate reflects the fact that we examined the entire ␥␦ T cell population, and the chicken TCR-␥ locus contains three V␥ subfamilies and three J␥ gene segments. Members of each V␥ subfamily may recombine with each of the three J␥ gene segments without apparent bias (28) , so that the V␥1-J␥1 rearrangements should account for approximately one-ninth of the V␥-J␥ rearrangements. This leads to the estimate that around 10-20% of the ␥␦ T cells contain V␥-J␥ deletion circles.
The numbers of ␣␤ and ␥␦ T cells in the periphery estimated to contain TCR V(D)J excision circles correspond roughly to the frequency of recent thymic emigrants marked by their expression of the chT1 antigen in the peripheral tissues (23) . On leaving the avian thymus, T cells express the chT1 thymocyte antigen for only a limited period of time. In young birds, 10-20% of the T cells in the periphery can be identified as recent T cell emigrants by their expression of this cell surface marker (23) . The numbers of chT1 ϩ T cells in the circulation thus provides a convenient index of thymic function in chickens. A comparable marker in humans would be invaluable for evaluating the capacity of the thymus to restore the peripheral T cell pool after accidental irradiation, immunosuppressive therapy, viral infections, and other disease states resulting in temporary or persistent T cell depletion. Regardless of the cause, gaps created in the T cell repertoire would require repair from a source of newly formed T cells. Although a suitable chT1 surrogate has not been identified in mammals, our data in this avian model suggest that the enumeration of TCR deletion circles in circulating T cells also may provide an accurate indicator of newly formed T cells in mammals.
